Many basic locomotor patterns of living bodies are rhythmic, and oscillatory components of physical systems effectively contribute to the generation of the movement. The control signals for the basic locomotor patterns are generated by the central pattern generator (CPG), which is composed of collective neural oscillators, and the activity of the CPG is tightly synchronized with the movement of the physical systems. That is, appropriate locomotor patterns are realized by mutual synchronization between the physical system and the neural system. In this article a simple learning model is proposed to acquire an appropriate parameter set, the intrinsic frequency of the CPG, and the interaction between the CPG and the physical system, in order to obtain a desired locomotor pattern. The performance of the proposed learning model is confirmed by computer simulations and an adaptive control experiment of a one-dimensional hopping robot.
INTRODUCTION
The central pattern generator (CPG) , which generates control signals for basic rhythmic locomotor patterns such as swimming, crawling, any walking, is composed of coupled neural oscillators, and the legs or the segments of the body are controlled by the component oscillators (Pearson, 1976; Pearce and Friesen, 1988; Grillner et al., 1991) . The CPG receives sensory feedback signals which show the bending or movement of the body, and the firing pattern of the CPG is strongly affected and entrained by these signals (Grillner, 1985; McClellan and Sigvardt, 1988) . That is, the activity of the CPG is synchronized with the movement of a locomotor system such as a leg, which is a physical oscillator, by which the CPG can send control signals to muscular systems at an appropriate time in a cycle of the movement.
In order to generate a desired locomotor pattern, {i) the intrinsic frequency of the CPG, and (2) the interactions between the CPG and the muscular system must be appropriately determined. If the intrinsic frequency of the CPG is much different from that of the physical system, the synchronization between the two becomes difficult and much energy is consumed in controlling the physical system. If the interactions are not well organized, the control signals are not sent at an appropriate time in the cycle. Neurophysiological experiments have been reported suggesting that the isolated CPG itself can produce a firing pattern to generate the basic locomotor pattern (wallet and Williams, 1984 where Xo is the position of the trunk of the robot, and is obtained when the dynamics of the CPG can be transformed to the Poincare's normal form for Hopf bifurcation and the attraction to the limit cycle is strong (Nishii et al.,1994 G, 0.7, 0.8, 0.9 m), were obtained within 100 seconds. Figure 6 shows the time course of the hopping height after the acquisi- The CPG sends a control signal to the thruster which generates the force .fbetween the trunk and the toe and receives a sensory feedback signal from the robot. Based on the error for the hopping performance, the intrinsic frequency of the CPG and the weights of the sensory feedback are learned. 3.3 Control experiment of a hopping robot The proposed learning rule was applied to the control of an actual one-dimensional hopping robot (Figure 8 ). Figure 9 shows an overview of the robot. though we demonstrated the result of obtaining the desired value of a time-averaged absolute acceleration, we could obtain the desired hopping height as shown in the simulation if the hopping height of the robot was provided.
CONCLUSION
In most traditional control methods in the engineering field, methods to enforce the controlled object to trace the pre-determined trajectory have been discussed, and the physical properties of the object are eliminated by compensations in control systems. On the other hand, it has been suggested that locomotor systems in living bodies might utilize an oscillatory factor, such as elastic components of the physical system, to achieve highly efficient locomotion (Cavagna et al., 1977; Alexander et al., 1980; Heglund et al., 1982; Blickhan and Full, 1 ~~3) and that the CPG would, not enforce the pre-determined trajectory on physical system but compensate for movement to obtain a desired performance (Raibert and Hodgins, 1992) . Control models of human locomotion and control methods for legged robots have been proposed based on such ideas. Taga et.al. (1991,1995a,1995b) (Raibert, 1986; Raibert and Hodgins, 1992) and have shown that dynamic walking can be stabilized even with no sensors (Ringrose, 1997) if the control parameters and physical parameters of a legged system are appropriately given. We proposed a simple learning model for acquiring the desired control parameters for such periodic locomotion.
Using the proposed learning model, an appropriate locomotor pattern can be achieved by tuning the phase difference between the physical system and. the CPG based on the feedback signals to the CPG. Although the learning rule for the amplitude of the control signal should also be considered, tuning the control signal is generally difficult without any knowledge of the controlled object. It has been reported that feedback signals to the CPG from sensory systems strongly affect the activity of the CPG, as mentioned in the Introduction. In living bodies, a desired locomotor pattern might be acquired by tuning the effects of the feedback signals in the first stage of the development of locomotion, creating an internal model of the dynamics of the controlled object, and the control signals might be tuned for precise control after acquiring the internal model.
In this paper, we considered a simple case using a physical system with one-degree freedom and a phase oscillator. We are studying a learning model for multioscillators based on error functions (Nishii, 1997b) , and the relation between the proposed learning rule and the learning rule for neural oscillators (Nishii, 1997a) . NOTES 'Here, we define S = R, (mod 1).
